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OBJECTIVE

Autonomic nervous system dysfunction is associated with impaired glucose
metabolism, but the temporality of this association remains unclear in individuals
without diabetes. We investigated the association of autonomic function with
5-year changes in glucose metabolism in individuals without diabetes.

RESEARCH DESIGN AND METHODS

Analyses were based on 9,000 person-examinations for 3,631 participants with-
out diabetes in the Whitehall II cohort. Measures of autonomic function included
5-min resting heart rate and six heart rate variability (HRV) indices. Associations
between baseline autonomic function measures and 5-year changes in fasting
and 2-h plasma glucose, serum insulin concentrations, insulin sensitivity (insulin
sensitivity index [ISI0–120] and HOMA of insulin sensitivity), and b-cell function
(HOMA of b-cell function) were estimated in models adjusting for age, sex, eth-
nicity, metabolic factors, and medication.

RESULTS

A 10-bpm higher resting heart rate was associated with 5-year changes in fasting and
2-h insulin and ISI0–120 of 3.3% change (95% CI 1.8; 4.8), P < 0.001; 3.3% change (1.3;
5.3), P = 0.001; and21.4% change (22.4;20.3), P = 0.009, respectively. In models
adjusted for age, sex, and ethnicity, higher baseline values of several HRV indices
were associated with a 5-year decrease in fasting and 2-h insulin and ISI0–120.
However, significance was lost by full adjustment. A majority of HRV indices
exhibited a trend toward higher values being associated with lower insulin levels
and higher insulin sensitivity.

CONCLUSIONS

Higher resting heart rate in individuals without diabetes is associated with future
unfavorable changes in insulin levels and insulin sensitivity. Associations may
be mediated via autonomic function; however, results are inconclusive. Resting
heart rate may be a risk marker for future pathophysiological changes in glucose
metabolism.
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People with diabetes have a higher prev-
alence of autonomic dysfunction. The
prevalence of cardiovascular autonomic
neuropathy (CAN) ranges from 20% in the
general population with diabetes (1,2)
to 65% in people with long-standing
diabetes (3). In addition to established
cardiometabolic risk factors, CAN is an
independent determinant of cardiovas-
cular morbidity, progression of diabetic
nephropathy, and overall mortality (4–6).
Autonomic imbalance has been associ-
ated with reduced insulin sensitivity and
b-cell function in individuals with re-
cent onset of type 1 and type 2 diabetes
and has been suggested to be mediated
by changes in the innervation of the
endocrine pancreas (7) where pancreatic
islets are innervated by both parasym-
pathetic and sympathetic nerves and
are involved in pancreatic hormone se-
cretion (8). In addition, peripheral insu-
lin sensitivity may be associated with
autonomic function, as hyperinsulinemic-
euglycemic clamp studies have demon-
strated that insulin sensitivity can be
affected by autonomic blockade in obese
insulin-resistant individuals (9). In concert,
autonomic dysfunction may affect both
b-cell function and insulin resistance.
Autonomic imbalance has been ob-

served in individuals with prediabetes
(10) and themetabolic syndrome (11,12)
and is associated with incident diabe-
tes (13,14), suggesting that alterations
in autonomic function may contribute
to the pathogenesis of diabetes. Similar
associations have been found in the
offspring of patients with type 2 diabetes
(15), implying that a pathological inter-
play between autonomic neuropathy
and glucose metabolism exists not
only in diabetes but also in individuals
with increased risk of the disease. In-
deed, some cross-sectional cohort stud-
ies have shown that CAN assessed by
heart rate variability (HRV) is associated
with lower insulin sensitivity in individ-
uals without diabetes (16,17). Further-
more, observational data suggest that
autonomic function may be affected
prior to development of hyperglycemia.
This indicates that autonomic dysfunction
may precede glycemic dysfunction. Thus,
substantial evidence links autonomic dys-
function with impaired glucose metabo-
lism. However, as the above-mentioned
findings are based on cross-sectional
studies, large prospective studies are
needed to elucidate whether autonomic

dysfunction precedes glycemic dysfunc-
tion in individuals without diabetes.

We hypothesize that autonomic dys-
function in individuals without diabetes
precedes future changes in glucose me-
tabolism that may lead to diabetes.

In this cohort study with repeated
measurements of glucose metabolism,
we aimed to investigate the prospec-
tive associations of measures of cardiac
autonomic status as a proxy for auto-
nomic function with subsequent 5-year
changes in fasting and 2-h plasma glu-
cose and serum insulin concentrations,
insulin sensitivity, and b-cell function in
individuals without diabetes.

RESEARCH DESIGN AND METHODS

Study Participants
Study participants are from the Whitehall
II study, an occupational cohort of 10,308
British civil servants (6,896 men and
3,412womenaged35–55years)ofmainly
white ethnicity recruited between 1985
and 1988 (phase 1) (18). The cohort
has been followed at eight subsequent
phases,;2.5 years apart. All studyphases
included a questionnaire, and every sec-
ond phase (5 years apart) also included a
clinical health examination (phases 1, 3, 5,
7, and 9). Phase 5 (1997–1999) was the
first phase where resting heart rate and
HRV were measured and therefore was
the baseline for the current analyses. A
total of 7,870 participated at phase 5,
6,967 at phase 7 (2002–2004), and 6,761
at phase 9 (2007–2009).

At phases 5, 7, and 9, a standard 2-h
75-g oral glucose tolerance test (OGTT)
was performed in the morning after an
overnight fast ($8 h of fasting). For
approximately one-third of the examina-
tions, the OGTT was administered in the
afternoon after a light fat-free breakfast
($5 h of fasting), and data from these
examinations were not included in the
analysis. Diabetes was diagnosed by the
treating physician (outside the study) or
during screening ascertained throughout
follow-up by OGTTs administered every
5 years with diabetes defined according
to the World Health Organization (19).
Prediabetes was defined by fasting glu-
cose between or equal to 6.1 and
7.0 mmol/L and/or a 2-h glucose level
between or equal to 7.8 and 11.1mmol/L.
Diabetes was defined by measures above
these levels.

Autonomic function was assessed in
a subset of the participants: in 54% at

phase 5, 64% at phase 7, and 83% at
phase 9.

During follow-up, participants were
censored if they died, were lost to follow-
up, were diagnosed with diabetes, or
developed heart disease, such as ische-
mic heart disease and arrhythmias, di-
agnosed either at study examination or
ascertained by register-based follow-up.
We excluded 7,183 (35.8%) person-
examinations for which the participant had
been fasting ,8 h (where OGTTs had
been administered in the afternoon
or the participant was known to have
diabetes) and another 951 person-
examinations because the participants
had developed heart disease. Up to
a total of 9,000 person-examinations
for 3,631 participants without known
diabetes, ischemic heart disease, or ar-
rhythmias were analyzed (5,709 person-
examinations for 2,519 participants for
the analyses of HRV).

The U.K. NHS Health Research Author-
ity London-Harrow Ethics Committee re-
viewed and approved the study. Written
informed consent was obtained from
each participant at each examination
phase. The study was conducted accord-
ing to the principles of the Declaration of
Helsinki.

Measurements
Plasma glucose (fasting and 120 min),
serum insulin (fasting and 120 min),
HbA1c, serum lipids, and blood pressure
at phases 5, 7, and 9 were measured as
previously described (20,21). Whole-
body insulin sensitivity was estimated
by the insulin sensitivity index (ISI0–120)
based on fasting and 2-h values of glu-
cose and insulin as well as body weight
(22). Insulin sensitivity in the fasting state
was assessed based on fasting plasma
glucose and serum insulin concentra-
tions using HOMA of insulin sensitivity
(HOMA-IS) (23). b-Cell function was es-
timated based on fasting plasma glucose
and serum insulin concentrations using
HOMA of b-cell function (HOMA-b) (23).

HRV indices characterizing autonomic
status were derived from 5-min resting
12-lead ECG recordings obtained subse-
quent to 5 min of rest in the supine
position at phases 5 and 7. Recordings
were filtered through an automated al-
gorithm, allowing the analyses of suitable
normal-to-normal sinus rhythm R-R in-
tervals without the presence of arrhyth-
mias, ectopic beats, and branch blocks
(N-N intervals). Indices of HRV were
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analyzed both in the time domain, the
SD of all N-N intervals (SDNN) and the root
mean square of the sum of the squares
of differences between consecutive N-N
intervals (RMSSD), and in the frequency
domain, by using a Blackman-Tukey al-
gorithm: low-frequency (LF) power (in
the 0.04–0.15 Hz frequency band), high-
frequency (HF) power (in the 0.15–0.4 Hz
frequency band), and total power (in
the #0.4 Hz frequency band). The ratio
between LF andHF power (LF-to-HF ratio)
was calculated. Resting heart rate (rHR)
was calculated from the ECG recordings.
RMSSD and HF power outcomes are as-
sociated mainly with parasympathetic
modulations, whereas the remaining
measures characterize mixed sympa-
thetic and parasympathetic influences.
Information on smoking habits (never/

former/current), physical activity (hours
per week of mild, moderate, and vigor-
ousphysical activity), andmedicationuse
was collected using self-administered
questionnaires at phases 5, 7, and 9 (24).

Statistical Analysis
In the main analysis, the following gly-
cemic outcomes were studied: fasting
and 2-h serum insulin, fasting and 2-h
plasma glucose, HOMA-IS and ISI0–120,
HOMA-b, and HbA1c. Outcomes with a
skewed distribution (fasting and 2-h serum
insulin, HOMA-IS, ISI0–120, and HOMA-b)
were log transformed before analysis in
order to fulfill the assumption of normally
distributed model residuals. Heart rate and
the six HRV indices (SDNN, RMSSD, HF
power, LF power, LF-to-HF ratio, and total
power) were included as exposures. All
exposures except heart rate were log2
transformed prior to analysis.
In the analyses of the six HRV indices,

the subset of participants with auto-
nomic function assessed was used. For
the analysis of heart rate, the total study
population was included. HbA1c was only
measured at phases 7 and 9, so for this
outcome, phase 5was not used. Formost
of the covariates,,5% of the values were
missing but up to 9% of the values were
missing for physical activity. To avoid
exclusion of patients with missing values,
missing data on the covariates at each
phase were imputed by using the mul-
tivariate imputations by chained equations
method (25) with missing-at-random as-
sumptions (25 imputations) and including
a number of auxiliary data on the par-
ticipants not used in the analyses.

Estimates of parameters of interest
were averaged across the imputation
copies according to Rubin’s rules (26).

In each 5-year observation window of
two consecutive phases, we studied the
associations of baseline levels of heart
rate and HRV indices and follow-up levels
of the different outcomes, adjusting for
baseline level of the outcome. Because
the same individual may contribute with
up to three observations to the analyses,
associations were estimated using linear
mixed-effects models with a participant-
specific random intercept and slope to
account for the correlation of repeated
measurements within participants.

All analyses were adjusted for age, sex,
ethnicity, and baseline value of the out-
come studied (model 1). HRV indices
were further adjusted for the simulta-
neously measured heart rate. Additional
adjustments included BMI, physical ac-
tivity, smoking, systolic blood pressure,
total cholesterol, triglycerides, tricyclic
antidepressants, diuretics, and b-blockers
(model 2). In model 1, we tested for a
modifying effect of baseline glycemic
state (normal glucose tolerance or pre-
diabetes) on the association with heart
rate and HRV indices. Glycemic state was
treated as a time-varying confounder,
which allowed the same participant to
contribute with person-examinations
first to the normal glucose tolerance
group and later to the prediabetes group
(and vice versa).

To allow direct comparisons of effect
sizes between the exposure variables, we
further calculated standardized regres-
sion coefficients for the subset of the
population for whom heart rate and all
six HRV indices were available at the
same time points, i.e., the subset with
autonomic function assessed. HRV indi-
ces were log transformed before stan-
dardization, and the adjustments used in
model 2 were applied.

Statistical analyses were performed in
R, version 3.3.3 (The R Foundation for
Statistical Computing), and SAS, version
9.4 (SAS Institute, Cary, NC).

RESULTS

Median (25th; 75th percentile) time be-
tween phases 5, 7, and 9 was 5.1 years
(5.0; 5.5). All measures of HRV dimini-
shed during the study period. Character-
istics of the study population by study
phase are shown in Table 1.

We found no statistically significant
modifying effect of prediabetes status
for any associations P $ 0.051, so asso-
ciations were estimated for normal glu-
cose tolerance and prediabetes combined.

Associations of Heart Rate and HRV
Indices With 5-Year Changes in Serum
Insulin Concentrations
Higher resting heart rate was significantly
associatedwitha5-year increase in levels
of fasting serum insulin in all statistical
models. Higher values of total power were
associated with a reduction in fasting
serum insulin levels 5 years after baseline
in model 1, but associations lost signifi-
cance after further adjustment. Similar
trends for the HRV indices SDNN, RMSSD,
and total power were seen (Table 2).

Overall, heart rate and HRV indices
showed a direction of associations with 2-h
insulin that was similar to that for fasting
insulin. A higher baseline heart rate was
associated with a 5-year increase in 2-h
insulin in both models. LF power and total
power were associated with a 5-year drop
in 2-h serum insulin in model 1; however,
significance was lost in model 2. Similar
trends for the HRV indices SDNN and HF
power were identified (Table 2 and Fig. 1).

Associations Between Heart Rate and
HRV Indices and 5-Year Changes in
Insulin Sensitivity
In model 1, higher heart rate was sig-
nificantly associated with a decrease in
insulin sensitivity assessed by ISI0–120
5 years after baseline. Higher levels of
SDNN, LF power, and total power were
significantly associated with higher insulin
sensitivity. After full adjustment, only
heart rate remained significantly associ-
ated with ISI0–120. The trends toward
higher SDNN and LF power being associ-
ated with higher insulin sensitivity were
seen only in model 1 (Table 2 and Fig. 1).

When insulin sensitivity was assessed
by HOMA-IS, similar associations were
seen but of smaller magnitude and only
significant for heart rate (Supplementary
Table 1 and Supplementary Fig. 1).

Associations Between Heart Rate and
HRV Indices and 5-Year Changes in
b-Cell Function
Higher baseline heart rate was associated
with a 5-year increase in HOMA-b in all
models. The opposite associations were
seen for HF power, but the associations
lost statistical significance in model
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2 (Supplementary Table 1 and Supple-
mentary Fig. 1).

Associations Between Heart Rate and
HRV Indices and Changes in Glycemic
Measures
Higher heart rate was significantly as-
sociated with very small increases in
fasting and 2-h glucose and HbA1c levels
in model 1 but lost significance in model
2. Higher LF-to-HF ratio was associated
with small decreases in 2-h fasting glu-
cose levels in both model 1 and model
2 (Fig. 1 and Supplementary Table 2).

Effect Size
In comparison of the standardized regres-
sion coefficients, heart rate was overall

more strongly associated with the out-
comes compared with HRV indices. How-
ever, all effect sizes were relatively small
(Fig. 1).

CONCLUSIONS

The current study investigated the tem-
poral associations of resting heart rate
and HRV with 5-year changes in glu-
cose metabolism in a large population of
individuals without diabetes. Our results
show that higher resting heart rate was
associated with subsequent increases in
fasting insulin, 2-h insulin, and b-cell
function and with a decrease in insulin
sensitivity but was not associated with
glycemia in a clinically significant man-
ner. Few HRV indices reflecting both

parasympathetic modulations and a
mixture of sympathetic and parasympa-
thetic modulations were significantly
associated with insulin measures but
only in models adjusted for age, sex,
and ethnicity. More favorable baseline
values of these HRV indices were asso-
ciated with decreases in fasting insulin,
2-h insulin, b-cell function, and insulin
sensitivity. Similar trends toward the
same associations were seen for the
majority of all HRV outcomes in
the fully adjusted models; however,
only few estimates had P values close
to 0.05. No associations of HRV meas-
ures with HbA1c, fasting glucose, or 2-h
glucose were observed in the fully ad-
justed models.

Table 1—Characteristics of the study population at each study phase

Phase 5 Phase 7 Phase 9

N 4,271 4,294 3,343

Men, % (95% CI) 70.7 (69.3; 72.0) 72.0 (70.6; 73.3) 71.7 (70.2; 73.3)

Caucasian, % (95% CI) 92.0 (91.1; 92.8) 92.6 (91.8; 93.4) 93.0 (92.1; 93.9)

Age (years) 55.0 (5.9) 60.4 (5.8) 65.1 (5.8)

Height (cm) 172.2 (9.1) 171.4 (9.1) 171.3 (9.1)

BMI (kg/m2) 26.1 (3.9) 26.6 (4.3) 26.5 (4.3)

Waist circumference (cm) 90.5 (11.6) 93.2 (12.0) 94.0 (11.8)

Current smoker (%) 10.6 (9.7; 11.5) 8.6 (7.8; 9.5) 5.8 (5.0; 6.6)

Moderate-to-vigorous exercise (h/week) 11.3 (4.5; 19.8) 11.8 (4.5; 20.3) d

Alcohol intake (units/week) 10.0 (3.0; 20.0) 9.0 (3.0; 18.0) 7.0 (2.0; 16.0)

Systolic blood pressure (mmHg) 122.2 (16.3) 127.8 (16.7) 125.4 (15.8)

Diastolic blood pressure (mmHg) 77.3 (10.5) 74.6 (10.5) 71.7 (10.0)

Medication, % (95% CI)
Tricyclic antidepressants 2.2 (1.8; 2.7) 2.6 (2.1; 3.1) 3.4 (2.8; 4.0)
Diuretics 2.9 (2.4; 3.5) 7.4 (6.6; 8.2) 11.2 (10.1; 12.3)
b-Blockers 4.6 (4.0; 5.3) 7.9 (7.1; 8.7) 6.5 (5.7; 7.4)

Blood measurements
Fasting plasma glucose (mmol/L) 5.1 (0.7) 5.3 (0.7) 5.2 (0.6)
2-h plasma glucose (mmol/L) 5.8 (1.7) 6.3 (1.9) 6.4 (1.9)
HbA1c (mmol/mol) d 38.0 (5.4) 38.0 (4.9)
HbA1c (%) d 5.6 (0.5) 5.6 (0.4)
Fasting serum insulin (pmol/L) 7.0 (4.9; 10.1) 7.0 (4.7; 10.6) 6.5 (4.3; 10.1)
2-h serum insulin (pmol/L) 32.6 (19.8; 53.2) 37.8 (23.4; 63.6) 41.0 (25.2; 68.7)
ISI0–120 38.1 (29.7; 49.0) 34.4 (26.4; 44.4) 33.8 (25.7; 43.9)
HOMA-IS 1.6 (1.1; 2.4) 1.6 (1.1; 2.6) 1.5 (1.0; 2.4)
HOMA-b 92.1 (65.2; 131.4) 80.0 (55.3; 118.9) 81.5 (55.4; 120.0)
Total cholesterol (mmol/L) 5.9 (1.1) 5.8 (1.0) 5.4 (1.0)
HDL cholesterol (mmol/L) 1.5 (0.4) 1.6 (0.4) 1.6 (0.4)
LDL cholesterol (mmol/L) 3.9 (0.9) 3.6 (0.9) 3.2 (1.0)
Triglycerides (mmol/L) 1.3 (0.9) 1.3 (0.9) 1.2 (0.7)

Heart rate measurements
rHR from ECG (bpm) 67.2 (11.1) 67.8 (11.6) 65.5 (11.1)
SDNN (ms) 34.6 (26.3; 44.8) 33.8 (25.6; 44.9) 30.4 (22.6; 41.3)
RMSSD (ms) 20.5 (13.9; 29.5) 20.2 (13.5; 30.2) 18.0 (12.3; 26.6)
LF power (ms2) 315.8 (170.0; 572.8) 286.4 (160.0; 518.0) 234.7 (121.4; 468.1)
HF power (ms2) 132.2 (63.1; 262.5) 116.0 (55.5; 234.1) 92.1 (45.2; 189.8)
LF-to-HF ratio 2.56 (1.52; 4.04) 2.62 (1.59; 4.06) 2.69 (1.59; 4.14)
Total power (ms2) 1,068 (619; 1,795) 1,010 (577; 1,778) 815 (453; 1,513)

Data are means (SD) or median (25th; 75th percentiles) unless otherwise indicated. N, number of participants.
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Insulin
Our results show that higher and less
favorable levels of resting heart rate
were associated with future increases
in both fasting and 2-h insulin levels.
These associations may in part be me-
diated through autonomic function, as
higher and favorable levels HRV in heart
rate–adjusted analyses in several cases
seemed to trend toward an association
with higher future levels of insulin in the
fasting state and during glucose admin-
istration. It is known that insulin itself can
influence the autonomic nervous system
(27) by reducing parasympathetic func-
tion and potentiating sympathetic drive.
This insulin-induced change in auto-
nomic tone is, however, attenuated in
insulin-resistant individuals (28), sug-
gesting that alterations in autonomic
tone in insulin-resistant individuals are
due to pathological mechanisms less
closely related to hyperinsulinemia. As
the endocrine pancreas is innervated by
the autonomic nervous system (8), it is
plausible that autonomic dysfunction
may elicit future dysinsulinemia by an
imbalance in nervous control of the
pancreatic islet. However, owing to
the paucity of significant associations
between HRV indices and insulin mea-
sures, it cannot be concluded that auto-
nomic function is associated with insulin
levels in individuals without diabetes.
These finding are novel, as no studies
to our knowledge have previously ad-
dressed the temporal relationship of
resting heart rate and HRV with future
changes in insulin levels in individuals
without diabetes.

Insulin Sensitivity
Higher heart rate was associated with
lower future whole-body insulin sensitivity
in all models. As for insulin, higher and
more favorable levels of several HRV
indices were associated with increased
insulin sensitivity. However, only trends
of this association remained after full
adjustment. Similar but less significant
associations were found when insulin
sensitivity was assessed by HOMA-IS.
Cross-sectional studies have reported
autonomic imbalance to be associated
with insulin resistance in obese indi-
viduals (29). Also, intervention studies
demonstrating improvements in insulin
sensitivity by weight loss, training, or
ACE inhibition have shown improvements
in parasympathetic activity (28,30,31). In
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concert with the above-mentioned studies,
our resultsmay indicate that higher heart
rate and autonomic dysfunction could
be associated with future loss of insulin
sensitivity. However, only heart rate re-
mained significantly associated with future
changes in insulin sensitivity in fully ad-
justed models, which could imply that
pathways other than autonomic dysfunc-
tion may mediate the associations or that
heart rate is just a risk marker of other
pathogenic mechanisms as stated above.
These findings are novel, as no studies to
our knowledge have previously addressed
the temporal relationship of resting heart
rate and HRV with future changes in insulin
sensitivity in individuals without diabetes.

b-Cell Function
Our findings suggest that less favorable
(higher) levels of heart rate are associ-
ated with improved future b-cell func-
tion. This seems to contradict our finding
with respect to levels of insulin and
insulin sensitivity, where more favorable

measures of heart rate were associated
with improvements in glucose control. It
is possible that these changes are a result
of a compensatory improvement in b-cell
function in nondiabetic states. However,
it is more likely that our association
between heart rate and b-cell function
may be a spurious finding and an artifact
caused by improvements in insulin sen-
sitivity and unaffected measures of gly-
cemia. Low peripheral insulin sensitivity
is associated with increased secretion of
insulin (32,33). If insulin sensitivity is
improved and glucose levels remain sta-
ble, this would lead to reduced levels of
insulin and a false reduction in b-cell
function as estimated by the HOMA-b
equation.

Glycemia
No clinically meaningful associations of
resting heart rate or HRV indices with
measures of glycemia were observed.
Fasting glucose levels are mainly deter-
mined by hepatic glucose production,

whereas increased 2-h glucose concen-
trations mainly reflect peripheral glucose
uptake (34). The autonomic nervous
system is associated with both systems,
innervating the liver (35,36), affecting
hepatic glucose production and release
(37), and possibly regulating muscle glu-
cose uptake in a non-insulin-dependent
manner (37,38). It is possible that we did
not find any association between heart
rate andHRV-based indices of autonomic
dysfunction and glycemic measures ow-
ing to compensatory mechanisms in this
cohort of adults without diabetes en-
abling preserved glucose homeostasis.
This compensation could be mediated
through, for example, increased insulin
levels, as seen in our results discussed
above.

Strengths and Limitations
Our study benefits from its large sample
size, the comprehensive measurements
of outcomes and exposures assessed
simultaneously, and the extensive ad-
justment for confounders. Importantly,
the prospective design allowed us to as-
sess the temporal association between
heart rate and HRV and changes in glu-
cose metabolism, whereas associations
in previous cross-sectional studies may
be attributable to reverse causality.

Resting heart rate is not a gold stan-
dard measure of autonomic function, as
it may be affected by several factors such
as physical fitness, hemoglobin levels,
and inflammation. Therefore, any con-
clusions about the associations of heart
rate and autonomic function should be
drawn with caution. Also, the study holds
no pure sympathetic measures. The lack
of associations between autonomic func-
tion measures and glucose metabolism
may be due to this limitation, as sym-
pathetic activation is associated with
insulin secretion. Further limitations in-
clude the observational design that pre-
cludes causal inferences. However, the
current study provides evidence for tem-
poral associations.

ISI0–120 and HOMA-IS correlate only
moderately well with the euglycemic-
hyperinsulinemic clamp (39). Thus, our
assessment of insulin sensitivity was less
precise than the gold standard. In addi-
tion, our study did not include dynamic
assessments of b-cell function; thus, we
could not examine b-cell function rela-
tive to insulin sensitivity using the dis-
position index. The association between

Figure 1—Effect (with 95% CI) of one population SD difference in heart rate or in the log of HRV
indices at baseline on subsequent 5-year changes in markers of glucose regulation. The
associations are adjusted for age, sex, ethnicity, study phase, and baseline value of the outcome
studied (gray) with further adjustment for BMI, physical activity, smoking, systolic blood pressure,
total cholesterol, triglycerides, tricyclic antidepressants, diuretics, andb-blockers (black). For HRV
indices, further adjustment for heart rate was obtained as part of the HRV analyses.
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autonomic function and glucose regula-
tion may have been underestimated ow-
ing to censoring of study participants
with comorbidities in whom the associ-
ationsmay have beenmore pronounced.
The associations found between heart
rate and insulin levels and insulin sensi-
tivity may be due to residual confounding
not addressed in the current study such
as inflammation and physical fitness.
The study population was predomi-

nantly of European descent, so the re-
sults may not be generalized to other
ethnic groups. Also, the cohort is based
on people employed as civil servants at
the study start, excluding, for example,
unemployed people and people em-
ployed in the private sector. The study
may therefore not be fully generalizable
to the general population.

Conclusion
In summary, our study demonstrates
that more favorable baseline levels of
heart rate and autonomic function as-
sessed by HRV indices were associated
with improvements in insulin sensitivity
and lower serum insulin concentrations in
individuals without diabetes. Associations
were found for both parasympathetic and
mixed sympathetic and parasympathetic
measures. However, only trends of these
association were found for HRV indices
in fully adjusted models, implying that
association between heart rate and fu-
ture changes in glucose metabolism may
be mediated via mechanisms other than
autonomic dysfunction or that heart rate
is merely a risk marker of other patho-
logical mechanisms. Effect sizes were
moderate, but on a population level these
results may suggest that elevated heart
rate marks subsequent deterioration of
glucose metabolism. No corresponding
associations were observed for HbA1c
or fasting or 2-h plasma glucose.
Wefind that these indicate that resting

heart rate is a potential risk marker for
future deteriorating of glucose metabo-
lism in individuals without diabetes. No-
tably, these future changes are seen for
fasting and 2-h insulin and insulin sen-
sitivity,whichhavenot been investigated
previously. These findings suggest that
heart rate is associated with the under-
lying pathophysiology leading to diabe-
tes and support the few studies showing
heart rate to be associated with future
development of dysglycemia (40) and
diabetes (13).

Prospective studies following indi-
viduals from nondiabetic states to
overt diabetes are needed to elucidate
whether autonomic dysfunction is in-
deed associated with adverse changes
in glucose metabolism leading to the
disease.
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